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Genomes are arranged non-randomly in the 3D
space of the cell nucleus. Here, we have developed
HIPMap, a high-precision, high-throughput, auto-
mated fluorescent in situ hybridization imaging pipe-
line, for mapping of the spatial location of genome
regions at large scale. High-throughput imaging posi-
tion mapping (HIPMap) enabled an unbiased siRNA
screen for factors involved in genome organization
in human cells. We identify 50 cellular factors re-
quired for proper positioning of a set of functionally
diverse genomic loci. Positioning factors include
chromatin remodelers, histone modifiers, and nu-
clear envelope and pore proteins. Components of
the replication and post-replication chromatin re-
assembly machinery are prominently represented
among positioning factors, and timely progression
of cells through replication, but not mitosis, is
required for correct gene positioning. Our results
establish a method for the large-scale mapping of
genome locations and have led to the identification
of a compendiumof cellular factors involved in spatial
genome organization.
INTRODUCTION
Chromosomes and individual regions of the genome occupy
preferential non-random positions inside the 3D space of the
cell nucleus (Bickmore, 2013; Misteli, 2007). The position of
genomic loci has been linked to numerous nuclear functions,
including transcription, replication, DNA repair, and chromo-
some translocations (Chiolo et al., 2011; Gilbert et al., 2010;
Roix et al., 2003; Takizawa et al., 2008). The non-randomness
of genome architecture can be measured by the proximity of a
gene locus to the nuclear periphery, to nuclear structures such
as the nucleolus or transcription centers, or by the proximity of
a locus to another genomic region (Branco and Pombo, 2006;
Chubb et al., 2002; Roix et al., 2003; Thomson et al., 2004; Zhang
et al., 2012).
The spatial position of a genomic locus is routinely determined
using fluorescence in situ hybridization (FISH), which allows
physical mapping of a genomic region relative to a defined land-
mark (Speicher andCarter, 2005;Wei et al., 2013). DNA FISH hasbeen used extensively to visualize the position of a locus and to
document changes in positioning that occur during physiological
and pathological processes (Ferrai et al., 2010; Meaburn et al.,
2007b; Takizawa et al., 2008), such as the relocation of genes
during differentiation (Hewitt et al., 2004; Kosak et al., 2002; Wil-
liams et al., 2006) or the proximity of translocation-prone
genome regions in 3D space (Hakim et al., 2012; Mathas et al.,
2009; Misteli and Soutoglou, 2009). The development of chro-
mosome conformation capture techniques such as 3C, 4C,
and Hi-C, which allow mapping of intra- and inter-chromosomal
interactions by biochemical means, has further highlighted the
non-randomness of higher genome organization and has re-
vealed several novel principles of organization, including the ex-
istence of functionally and structurally defined genomic sub-do-
mains (de Wit and de Laat, 2012; Dixon et al., 2012; Lieberman-
Aiden et al., 2009).
Although the notion of non-randomness of genome organiza-
tion in the cell nucleus is well established and some factors
involved in shaping global higher-order chromatin structure
such as CTCF, cohesin, and Mediator have been identified
(Botta et al., 2010; Ling et al., 2006; Phillips and Corces, 2009;
Sofueva et al., 2013; Vogelmann et al., 2011; Zhao et al.,
2006); however, the molecular machinery that determines the
location of a gene or genome region in the 3D space of the nu-
cleus is largely unknown. Physical mapping methods identified
genome regions preferentially associated with the nuclear lam-
ina, pointing toward a role for nuclear lamins in retaining genome
regions at the nuclear periphery and thus determining their
spatial location (Guelen et al., 2008; Meuleman et al., 2013;
Peric-Hupkes et al., 2010; Pickersgill et al., 2006). Furthermore,
a genetic screen using a reporter gene in C. elegans identified
histone methyltransferases and the H3K9me3 modification as
determinants of peripheral localization (Towbin et al., 2012).
The systematic identification of molecular determinants of
genome positioning has been hampered by the fact that spatial
gene mapping by either imaging or chromosome conformation
capture technology has not been amenable to implementation
at a high-throughput scale and is thus not well suited for use in
screening approaches. To overcome this limitation, we describe
here the development of HIPMap (high-throughput imaging po-
sition mapping), a fully automated FISH-based imaging pipeline
to quantitatively determine the position of multiple endogenous
loci in the nucleus of mammalian cells with high accuracy and
high throughput. We use HIPMap in combination with siRNA
screening to discover human genome positioning factors in an
unbiased, large-scale fashion. We identify 50 cellular factors,Cell 162, 911–923, August 13, 2015 ª2015 Elsevier Inc. 911
most of them previously not implicated in genome organization,
which affect positioning of a set of functionally diverse human
genes. Our results provide insights into the mechanism by which
genes are positioned in the cell nucleus, and they represent a
method for large-scale 3D gene mapping, which will be appli-
cable to the study of a wide variety of aspects of nuclear organi-
zation in diverse cellular systems.
RESULTS
HIPMap: High-Throughput Imaging-Based Mapping of
Gene Positions
In order to identify factors involved in spatial genome organiza-
tion, we developed an imaging-based method for high-
throughput, quantitative mapping of the spatial location of a
genomic region in the mammalian cell nucleus. HIPMap is a
robust, high-resolution imaging approach that quantitatively
measures the spatial position of genome regions with high
precision at a large scale. HIPMap is based on a streamlined
FISH protocol optimized for use in a 384-well format enabling
visualization of multiple endogenous gene loci in thousands of
cells and several hundred samples, allowing for accurate spatial
gene mapping in large sample sets. The approach uses fluores-
cently labeled FISH probes in a fully automated liquid-handling
FISH protocol, automated 3D image acquisition using confocal
high-throughput microscopy, and a high-content image anal-
ysis pipeline (Figures 1A–1C; see Experimental Procedures).
The custom designed analysis pipeline includes image and sta-
tistical analyses to quantitativelymap the distribution profile of a
gene locus on a single-cell basis with high accuracy and statis-
tical power.
As proof of principle for the use of HIPMap to accurately
determine spatial gene positions, we mapped the radial nuclear
position of three diverse genome loci in hTERT immortalized
CRL-1474 human skin fibroblasts (Fernandez et al., 2014; Scaf-
fidi and Misteli, 2011). LADF is a lamina-associated genome re-
gion located on chromosome 5q35.2, devoid of ORFs, and pre-
viously reported to localize to the nuclear periphery and to
interact with the nuclear lamina (Guelen et al., 2008) (Figures
1B and 1C); COL1A1 is localized on chromosome 17q21.33
and is one of the most actively transcribed genes in CRL-
1474 cells (Fernandez et al., 2014); OR5H1 is an olfactory re-
ceptor (OR) cluster on chromosome 3q11.2, which contains a
set of silenced OR genes. Using fluorescently labeled FISH
probes, the three loci were simultaneously visualized by high-
throughput FISH. z stacks of 500–1,000 cells per well were ac-
quired in four channels and analyzed using dedicated image
and data analysis pipelines. The image analysis pipeline detects
the nuclear border with high accuracy using the DAPI channel
(Figure S1A) and identifies FISH spots based on local maxima
of the respective probe fluorophores in three channels simulta-
neously in maximal projections of z stacks (Figures 1B and S1A;
see Experimental Procedures for details). As expected, two
FISH spots were detected in the majority of cells (60%–80%)
and the false-positive (FISH spots detected by image analysis
but not visually) and false-negative (FISH spots detected visu-
ally but not by image analysis) detection rates were between
0%–9%, as measured by comparing manual versus software-912 Cell 162, 911–923, August 13, 2015 ª2015 Elsevier Inc.based spot detection (Figures S1B and S1C). To determine
the spatial position of a gene locus in the cell nucleus, the radial
distance of the center of each measured FISH spot from the nu-
clear border was determined. To eliminate shape and size ef-
fects, nuclei were normalized using distance transformation,
and the normalized radial distance was measured as described
(Nandy et al., 2012) (nucleus periphery = 0; nucleus center = 1)
(Figure S1A; see Experimental Procedures). All single-allele dis-
tance measurements were combined to generate a position dis-
tribution graph (Figure 1C). The minimally required sample size
to achieve high statistical fidelity was 600 FISH signals per
well as determined by computational simulation of 10,000
comparisons of variable population sizes generated by random
sub-sampling (Kolmogorov-Smirnov [KS] test; p < 0.005;
Figure S1D).
As expected, when analyzed by HIPMap, we found LADF
to localize strongly to the nuclear periphery with a median
normalized radial distance from the nuclear edge of 0.2 ± 0.01
(SD, Figure 1C). In contrast, the highly expressed COL1A1
gene preferentially localized to a more central location with a
median radial distance of 0.53 ± 0.01, and the OR5H1 locus
assumed an intermediate position with a median radial distance
of 0.39 ± 0.03 (Figure 1C). As quality control measures, the well-
to-well variability of all three loci was minimal as indicated by
similar distributions in multiple independent replicate wells and
highly reproducible distance distributions in replicate experi-
ments (p > 0.05, Figure S1E). The radial distance distributions
of the three loci were conserved between CRL-1474 cells and
human prostate PC3 cells, IMR90, and MRC-5 lung fibroblasts
(Figure S1F). In HeLa cervical cancer cells, the distribution
of both LADF and OR5H1 was shifted toward the interior and
periphery, respectively, compared to the other cell lines (Fig-
ure S1F), possibly due to abundant numerical and structural
chromosome abnormalities in this cell line.
To determine whether HIPMap was sufficiently sensitive to
detect changes in nuclear position of a specific endogenous
locus and to test whether HIPMap could be combined with
siRNA strategies, we concomitantly knocked down the nu-
clear lamina genes LMNA/C and LMNB1 and examined the
position of the peripheral LADF locus, which is associated
with the nuclear lamina (Guelen et al., 2008). RNAi knockdown
of LMNA/C and LMNB1 for 72 hr resulted in elimination
of >90% of the LaminA and LaminB1 mRNA (Figure S1G)
and caused a concomitant shift in the position of LADF toward
the center of the nucleus in CRL-1474, HeLa, and IMR90 cells
when compared with cells transfected with a negative, non-
targeting siRNA (Figures 1D, S1E, and S1H, p < 1e16, KS
test). Similarly, COL1A1 and OR5H1 also underwent, albeit
smaller, repositioning toward the periphery (Figures 1D and
S1E; p < 1e16, KS test). Repositioning of these loci was
not due to changes in nuclear size or shape during siRNA
knockdown because the mean nuclear area and the mean nu-
clear width to length ratio did not change between negative
control and siLMNA/C/B1 transfected cells (Figures S2B and
S2C). We conclude that HIPMap is a robust method for
mapping the spatial position of genome regions and, in com-
bination with siRNA approaches, has the potential to identify
cellular determinants that affect gene positioning.
Figure 1. A High-Throughput Imaging-Based Method to Map Gene Positioning
(A) HIPMap outline. Cells are cultured in 384-well imaging plates, and FISH is carried out in a fully automated fashion using directly labeled BAC probes, followed
by automated image acquisition using high-throughput microscopy. Image analysis by Acapella segments the nucleus border and detects FISH signals.
Normalized radial distances from the nuclear border are measured. Distance measurements distributions are plotted as histograms and/or density curves.
(B) Representative maximal projections of images acquired in three channels. FISH signals are automatically detected inside the nucleus ROI (see Experimental
Procedures for details). Scale bar, 10 mm.
(C) Density curves for normalized radial distance distributions for the indicated loci. For each locus, the distance from the nucleus periphery of at least 600 FISH
spots was determined.
(D) Detection of radial position shifts by siRNA silencing of lamins. Histograms of the normalized radial distance distributions of control non-targeting siRNA
(green) compared to LMNA/C/B1 knockdown (purple) for the indicated locus. Distributions were generated from at least 600 FISH spots per sample. p < 1e16
for all 3 loci using the two-sample KS test. Lines represent estimated density. See additional information in Experimental Procedures and Figure S1.
Cell 162, 911–923, August 13, 2015 ª2015 Elsevier Inc. 913
Identification of Genome Positioning Determinants by
RNAi Screening
We applied HIPMap to conduct an siRNA screen to systemati-
cally identify determinants of genome positioning in human
cells. CRL-1474 cells were reverse transfected in 384-well plates
with a library of siRNA oligos targeting 669 nuclear genes (Fig-
ure 2A). The library contained siRNAs against annotated chro-
matin-binding proteins, nuclear structural proteins, and nuclear
envelope- and lamina-associated proteins. Following knock-
down for 72 hr, the position of LADF, OR5H1, and COL1A1 in
each siRNA-treated well was determined using HIPMap. The
distribution of each locus in the presence of each siRNAwas sta-
tistically compared to that of six pooled, non-targeting siRNA
wells using the KS test as previously described (Meaburn
et al., 2009; Meaburn and Misteli, 2008) (Figure 2A; see Experi-
mental Procedures for details). The screen was conducted in
biological duplicates using an siRNA pool targeting LMNA/C
and LMNB1 as a positive control and non-targeting siRNA as
negative control on each replicate plate (Figure 2A). Using a p
value cut-off of p < 2e3, 135 of 669 (20%) targeted genes
were identified as hits based on their ability to re-position at least
one of the three target loci (Figures 2B and 2C and Table S1). The
top 65 hits based on the most significant p values (p < 1e4) and
the largest difference between sample and control distributions
were validated in a secondary screen using an oligo siRNA
pool of distinct chemistry and sequence to rule out possible
siRNA off-target effects. A fourth locus, COX2, located at
1q31.1, which is weakly expressed in CRL-1474 cells and has
a peripheral localization, was also included in the secondary
screen to expand the scope of tested loci. The validation screen
identified 50 hits (77% confirmation rate) (Figure 2C). Several
controls confirmed that the observed repositioning events
were specific and were not due to indirect, global effects on nu-
clear organization upon knockdown of target proteins: (1) inde-
pendent biological replicates yielded similar p values, (2) gene
repositioning in replicates occurred to the same extent and in
the same direction along the radial axis (Figure S2F), (3) positive
hits did not reduce cell number, ruling out the possibility that they
were identified due to effects on cell viability or cell cycle pro-
gression (Figures S2A, S2E, and S2G) with the exception of, as
expected, replication-related proteins (Figure S2E), (4) positive
hits did not correlate with DNA damage, as measured by per-
centage of gH2AX-positive cells (Figure S2D), (5) no effects of
the hit siRNAs on nuclear size and shape as indicated by the
mean nuclear area and the mean width/length ratio were de-
tected (Figures S2B and S2C), and (6) there was no correlation
with global transcription activity (Figures S2I and S2J) or ROS
production (Figure S2H). We conclude that the combination of
HIPMap with RNAi screening allows the unbiased identification
of cellular factors involved in determining the spatial position of
endogenous genes in human cells.
Functional Classification of Genome Positioning
Determinants
In order to characterize mechanisms of genome positioning, the
50 identified factors were analyzed for their functional properties.
The majority (26/50) of hits affected only a single locus, suggest-
ing that repositioning was not due to pleiotropic genome reorga-914 Cell 162, 911–923, August 13, 2015 ª2015 Elsevier Inc.nization. 18 hits affected two loci, five hits affected three loci, and
only one hit affected all four loci (Figures 2C and 3A). The most
enriched gene ontology groups compared to their representation
in the siRNA library were centromere proteins (54-fold enrich-
ment), chromatin remodeling factors (13-fold), nuclear envelope
components (4-fold), and DNA repair and replication factors
(3-fold) (Figure 3B).
All tested loci were affected by multiple, functionally diverse
positioning factors, indicating that the location of a given locus
is influenced by multiple pathways. As expected, the posi-
tioning of the peripheral LADF locus was strongly affected by
nuclear envelope proteins (24% of all LADF hits). LADF was
generally re-positioned toward the center of the nucleus re-
gardless of the gene that was knocked down (Figure 3D), sug-
gesting that the identified factors are responsible for peripheral
attachment and that its peripheral positioning is the result of an
active process. Re-positioning of LADF toward the center was
further confirmed by loss of co-localization between LADF and
the nuclear lamina following knockdown of several hits as
indicated by a reduction of more than 50% of cells containing
two lamina-associated LADF alleles (Figure S3B). Other hit
classes that affected LADF included centromeric proteins and
histone modifiers such as KDM6A and SUPT6H, which pro-
mote H3K27me3 demethylation (Wang et al., 2013). In contrast,
the predominantly internally located COL1A1 locus was re-
positioned toward a more peripheral location by all identified
hits (Figure 3D). The active COL1A1 locus was mainly affected
by chromatin remodeling and polycomb complex factors, both
of which did not have a significant effect on the transcriptionally
inactive loci tested (Figure 3C). OR5H1 re-positioned in both
directions, depending on the specific hit, and was mostly
affected by nuclear envelope and mRNA processing factors
(Figures 3C and 3D).
We identified several shared features of repositioning factors
acting on genome regions with common properties. The periph-
erally located LADF, COX2, and the OR5H1 were affected by a
set of factors (Figures 2C and 3A) enriched in nuclear envelope
components, which, combined, represented 37% of the hits
affecting these loci, including NUP85, AKAP8L, and CACNG1.
Other factors that affected the positioning of peripheral loci
were histone modifiers and RNA binding proteins. A separate
set of factors affected the position of the internal COL1A1 locus
(Figure 3C), including several replication and chromatin remodel-
ing factors such as PCNA, CHAF1A, and SMARCD3.
Distinct sets of factors were found to affect the position of
expressed genes when compared to inactive genome regions
(Figure 3A). Positioning of the two expressed loci COX2 and
COL1A1 was affected by several transcription factors and chro-
matin remodelers, including TAF6L and SMARCD2. In contrast,
the transcriptionally silent regions LADF and OR5H1 were most
strongly affected by chromatin organizers such as HMGN1 and
EP400. These results identify a set of molecular determinants
of gene positioning and demonstrate selectivity of their effects
on related subsets of genome regions.
Two of the genome regions we tested in the screen contain
expressed genes: COL1A1 is highly expressed and COX2 is ex-
pressed at a low level (Fernandez et al., 2014). Gene reposition-
ing of these genes in response to knockdown was uncorrelated
AB
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Figure 2. Identification of Genome Positioning Determinants by RNAi Screening
(A) HIPMap-based siRNA screen outline. Reverse transfection of siRNAwas conducted in 384-well plates and locus position wasmeasured by HIPMap. p values
for each well were generated by pairwise comparison of the distribution of each sample to a negative control distribution generated by pooling of six wells
containing non-targeting siRNA using the KS test. Hits were defined as siRNAs with a p value < 2e3.
(B) Histograms of representative distributions of hits and non-hits. Distributions represent data from >600 FISH spots. Values represent one of two experimental
replicates. Lines indicate the estimated density.
(C) List of 50 high-confidence hits identified following primary and validation screen. Hits were defined as p values < 2e3 in both screens. See additional in-
formation in Experimental Procedures, Figure S2, and Tables S1 and S2.
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Figure 3. Functional Classification of Genome Positioning Determinants
(A) Venn diagram representing the number of validated repositioning factors for each tested locus.
(B) Classification of hits into functional groups. Hits were grouped according to their assigned function and plotted according to the number of affected
loci.
(C) Bar graphs representing the relative contribution of each nuclear pathway to the re-positioning of the indicated locus.
(D) Box plots of normalized radial distances from the nuclear border of the indicated locus following siRNA treatment. Dashed line indicates the median of
the control distribution. Boxes show the 25th, 50th (median), and 75th percentile of the distributions and whiskers extend up to 1.5 inter-quantile range,
(legend continued on next page)
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with their transcriptional activity. For COL1A1, two out of four
tested hits (SMC3 and SMARCD2) affected its position, but not
activity, demonstrating that the two processes can be uncoupled
(Figure 3E). Similarly, for COX2, knockdown of SETDB2 or
CHAF1A and CHAF1B re-positioned the locus but had no effect
on its expression (Figure 3E). On the other hand, some hits
affected both positioning and expression—for example,
CHAF1A and CHAF1B for COL1A1 and SMC3 and SMARCD2
for COX2 (Figure 3E). Changes in expression upon knockdown
of these factors were not due to a global effect on the transcrip-
tional machinery because they did not affect expression of some
of the test genes or of the two housekeeping genes GAPDH or
hTBP (Figure S5F). These results demonstrate that gene re-posi-
tioning can be uncoupled from change in transcriptional activity.
DNA Replication Is a Determinant of Genome
Positioning
A prominent group of genome positioning factors affecting all
loci tested in the screen included several DNA replication-asso-
ciated proteins, particularly post-replication histone chaper-
ones. The presence of replication-associated factors prompted
us to explore in more detail the role of replication in gene posi-
tioning. The histone chaperones CHAF1A, CHAF1B, and
ASF1A, all involved in post-replication chromatin assembly, the
PCNA replication sliding clamp, the replication-associated
mismatch repair protein MSH6, and the translesion DNA poly-
merase POLK were all identified as prominent hits in the screen.
Knockdown of any one of these proteins led to repositioning of at
least one target locus (Figures 4A and 4B and Table S3). Similar
effects were observed when combinations of replication factors
were knocked down (Figure 4B).
The primary and the secondary siRNA screens that led to the
identification of replication-related proteins as genome posi-
tioning factors were performed in asynchronous cycling cells.
To test whether DNA replication is required for re-positioning in
response to knockdown, we arrested CRL-1474 cells at the
G1/S boundary. To obtain a highly synchronous population,
cellular quiescence was induced by growing cells at high density
for 72 hr (Figure S4A), resulting in growth arrest of >90% of cells
in the population as measured by negative Ki67 and CyclinA
staining (Figures S4B and S4C). Quiescence itself did not
lead to significant re-positioning of any of the tested loci (Fig-
ure S4E). Quiescent cells were released into normal media or
into media containing 2 mM thymidine to prevent entry into S
phase and concomitantly transfected with siRNA (Figure S4A).
Transfection efficiency and the extent of the siRNA knockdown
were similar in cycling and arrested cells (Figure S4D). In contrast
to control cycling cells released into normal media, in which re-
positioning was observed following knockdown of replication-
related factors, G1/S arrested cells showed no change in posi-
tion of all tested loci (Figures 4C and 4D). Importantly, the
requirement for S phase progression for repositioning was notoutliers are shown as dots. Asterisks indicate hits identified in the screen usin
distribution curves.
(E) mRNA expression, as measured by qRT-PCR, of COL1A1 and COX2 followin
Expression is normalized to hTBP. All expression ratios are relative to non-targetin
See additional information in Figure S3.limited to replication-associated genome positioning factors.
Knockdown of non-replication proteins such as NUP85 and
AKAP8L, which resulted in significant repositioning in cycling
cells, had no effect on the position of all assessed target genes
in G1/S arrested cells (Figure 4E). We concluded that progres-
sion through S phase is required for proper genome positioning
by the identified factors, regardless of their direct involvement in
DNA replication.
To test whether replication per se, rather than the absence of
positioning factors during replication, contributes to gene posi-
tioning, we grew CRL-1474 cells under conditions of slowed
replication by treatment for 24 hr with low-dose hydroxyurea
(HU, 200 mM). Under these conditions, S phase progression
was impaired, as indicated by diminished progression of cells
into G2/M and accumulation of cells in G1 and S phases (Fig-
ure S5A). In low-dose HU-treated cells, LADF, COX2, and
COL1A1 loci underwent significant re-positioning (Figure 5A).
LADF was re-positioned toward the center of the nucleus (p =
5.7e5), and COX2 and COL1A1 were re-positioned toward
the periphery (p = 1.6e7 and p = 2.6e4, respectively). The
extent and direction of re-positioning were similar to knockdown
of replication-associated proteins (Figure 5A). Re-positioning
was not due to the accumulation of cells in G1 or S phase
because gene positions were indistinguishable in the various
cell-cycle phases in normally cycling cells (Figure S5E), in agree-
ment withmapping byHi-C (Naumova et al., 2013; Sofueva et al.,
2013). The observed repositioning was not due to DNA damage
or DNA damage response (DDR) signaling caused by HU treat-
ment because no significant re-positioning of LADF, COL1A1,
and COX2 was observed after treatment of cells with a high
dose of HU (4mM) or etoposide for up to 4 hr to induce extensive
DNA damage (Figures 5B and S5B–S5D). These observations
demonstrate that timely progression of DNA replication is re-
quired for proper gene positioning.
Interestingly, siRNA knockdown of several candidate posi-
tioning factors, which affected both the localization and the tran-
scriptional activity of their target loci in cycling cells, did not
affect positioning or expression in arrested cells (Figure 5C).
For example, knockdown of LMNA/C and LMNB1, which
increased expression of both COL1A1 and COX2 in cycling cells
and repositioned these loci (Figure 3E), had no effect on their
expression or re-localization in arrested cells. Similarly, knock-
down of SMARCD2 changed the expression and position of
COX2 in cycling cells but had no effect on either in arrested cells.
These observations suggest that the effect on activity in cycling
cells was due to repositioning and not merely a consequence of
factor knockdown on transcription of the target gene (Figure 5C).
Mitosis Is Not Required for Establishment of Genome
Positioning
Having identified normal progression through S phase as a
determinant of proper gene positioning, we asked whetherg KS test with a p < 2e3. The same data are presented in Figure S3A as
g siRNA transfection of the indicated gene or combination of genes for 72 hr.
g siRNA control (siNT). Values represent averages from two experiments ± SD.
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Figure 4. DNA Replication Is a Determinant of Genome Positioning
(A) Histograms of representative distributions of loci following knockdown of the indicated gene. Distributions represent data from >600 FISH spots. Values
represent one of three experimental replicates. Lines indicate estimated density.
(B) Statistical testing of distributions using the KS test. p values are calculated by comparing the pooled negative controls distribution to the distribution in cells
knocked down for the indicated gene or combination of genes. Values represent one of three independent experimental replicates.
(C) Representative distributions of three loci comparing control (green) and siRNA transfected cells (purple) in cycling cells or cells treated with 2 mM thymidine
and the indicated siRNA for 72 hr. Values represent one of three experimental replicates.
(D and E) p value heat maps comparing cycling cells to G1/S arrested cells for three different indicated loci. siRNA silencing of replication factors (D) or chromatin
and structural proteins (E). Values represent one of three independent experimental replicates.
See additional information in Figure S3 and Table S3.passage through mitosis was also required to establish gene
position. To test this hypothesis, cells were arrested for 72 hr
at the G1/S boundary and simultaneously transfected with
siRNA followed by release into normal media. Cells were fixed
6 hr after release from the G1/S block, prior to their entry into M
phase as assessed by cell-cycle analysis and pospho-Ser10
H3 levels (Figures S6A–S6C) or, as a control, after 24 or
48 hr (Figure S6D). As expected, thymidine-arrested cells
showed no repositioning of LADF, but significant re-positioning
in response to LMNA/C/B1 knockdown was already observed
six hours after release, when the majority of the cells had not
entered mitosis yet (Figures 6A and 6B). Similarly, knockdown
of CTCF resulted in gene repositioning prior to entry into918 Cell 162, 911–923, August 13, 2015 ª2015 Elsevier Inc.mitosis (Figure 6B). A similar extent of repositioning was
observed upon knockdown in cells released for 24 or 48 hr,
indicating completion of the repositioning event prior to mitosis
(Figure 6B). These results indicate that re-positioning does not
require passage through mitosis and occurs prior to entry in
M phase.
DISCUSSION
We have developed HIPMap, an imaging pipeline for the accu-
rate mapping of genome loci in a high-throughput fashion. The
ability to quantitatively determine the position of endogenous
loci in thousands of samples enabled us to perform an unbiased
AB
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Figure 5. Normal Progression through Repli-
cation Is Required for Accurate Positioning
(A) Distributions of untreated (green) or hydroxyurea
(HU) treated cells (200 mM, 24 hr, purple) for the
indicated locus. p values were calculated using KS
test. Values represent one of three experimental
replicates.
(B) p value heat map comparing untreated cells to
cells treated with the indicated DNA damaging agent
for up to 4 hr for 3 different loci. Values represent one
of two experimental replicates.
(C) mRNA expression of COL1A1 and COX2
following knockdown of the indicated gene or set of
genes for 72 hr in thymidine arrested cells. Values are
normalized to hTBP. All expression ratios are relative
to non-targeting siRNA control (siNT). Values repre-
sent averages from two experiments ± SD. See
additional information in Experimental Procedures
and Figure S5.screen to identify cellular factors involved in determining the po-
sition of individual loci in the 3D space of the human cell nucleus.
Mapping Gene Positioning Using HIPMap
HIPMap combines optimized, fully automated high-throughput
FISH with high-resolution confocal microscopy and a robust im-
age analysis platform for accurate determination of the position
of FISH signals in the cell nucleus at a large scale. HIPMap has
the ability to routinely image and measure hundreds of cells
per sample in thousands of samples. The dense datasets gener-
ated by the large number of cells imaged and the small variability
between replicates allow determination of gene positioning in the
nucleus with high precision, enabling reliable detection of even
relatively small changes in positioning of gene loci, including
repositioning events in subpopulations of cells. The method is
based on single-cell analysis and provides detailed information
on the variability of gene localization within the population. The
limiting step in the throughput of the method is the imaging
time, which depends on the chosen number of channels, number
of z stacks, and the number of imaged fields. The primary siRNA
screen described here was achieved by continuous automated
imaging of 1,512 wells over 200 hr.
Using HIPMap as a Screening Tool to Identify Gene
Positioning Factors
The high-throughput nature of HIPMap makes it suitable as a
screening tool and has made possible the characterization ofCell 162, 911–9gene positioning factors in an unbiased dis-
covery approach. Screening approaches to
identify factors that determine the position
of genome regions have in the past been
severely limited by the difficulty in reliably
detecting and measuring the position of
genome regions by FISH at a large scale.
In C. elegans, the methyltransferases
MET2 and MET25 were identified as key
factors for sequestration of a transcrip-
tionally repressed artificial GFP-tagged
reporter to the nuclear periphery during em-bryonic development (Towbin et al., 2012). Furthermore, a high-
throughput FISH screen in Drosophila cells identified factors
involved in homologous chromosomes pairing in mitosis but
did not address interphase positioning (Joyce et al., 2012).
Importantly, HIPMap detects endogenous loci, thus overcoming
the limitation of screening approaches to artificial reporters and
allows the analysis of genes with variable expression profiles and
in a wide range of biologically relevant settings.
We used HIPMap to discover nuclear factors that determine
the positioning of several endogenous loci of variable functional
status ranging from a gene desert to a highly active locus. Reas-
suringly, we identified several factors that were previously
reported to contribute to global genome organization such as
SMC3, LMNA/C, and SETDB2 (Guelen et al., 2008; Peric-
Hupkes et al., 2010; Sofueva et al., 2013; Towbin et al., 2012;
Zuin et al., 2014). In addition, we identified a set of novel factors
not previously implicated in genome positioning. Importantly,
most identified factors affected only a subset of target loci,
demonstrating that their effects are not global. Conversely, we
find that all tested loci are affected by multiple, functionally
diverse positioning factors, indicating that the location of a
locus is likely determined by the integrated action of multiple
processes and molecular pathways, rather than by dedicated
genome positioning machinery.
Various functional groups of positioning factors were identi-
fied. Our observation that loss of lamins results in internalization
of a LAD suggests that the peripheral location of LADs is not a23, August 13, 2015 ª2015 Elsevier Inc. 919
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Figure 6. Mitosis Is Not Required to Establish Gene Positioning
(A) Radial distance distributions of control (green) and siRNA transfected cells
(purple) for the LADF locus. For each treatment, non-targeting siRNA control
(siNT) distributions are plotted together with knockdown of lamin distribution.
(B) p value heat map comparing each treatment to the indicated knockdown
and treatment. Data represent one of four experiments.
See additional information in Figure S6.default localization but that lamins actively tether these regions
to the nuclear periphery. This interpretation is in line with the
finding based on live cell observations that LADs are relatively
dynamic and undergo periodic cycles of association and disas-
sociation with the nuclear lamina (Akhtar et al., 2013) andwith the
reported repositioning of genome regions in laminopathy patient
cells (Meaburn et al., 2007a). In contrast, the position of tran-
scriptionally active genome regions was more prominently
affected by transcription factors and chromatin remodelers.
However, we find that gene positioning is not tightly linked with
gene activity, suggesting that these factors act in a transcrip-
tion-independent fashion and that positioning and expression
can be uncoupled. This conclusion is in line with the recent
finding that chromatin decondensation, rather than transcrip-
tional activation, is sufficient to reposition endogenous genes
(Therizols et al., 2014). For some genes, however, repositioning
was accompanied by a change in expression. Interestingly, in
several instances in which knockdown of positioning factors re-
sulted in a change in gene expression, no such effect was seen in
non-cycling cells, where re-positioning is suppressed, suggest-
ing that positioning affects expression of these genes. Detailed
characterization of each identified repositioning factor to deter-
mine their mode of action should shed light on whether distinct
functional classes of genes are affected by different positioning
mechanisms.
Replication Is Required for Re-positioning
The results of our screen point to a significant role of replication
in determining the position of genome regions. We find several
components of the replication machinery and several DNA repair
factors, which are active during replication, as prominent hits.
Furthermore, interference with replication by drug treatment re-
sulted in repositioning of several target loci, suggesting that the
process of replication itself, rather than the individual replication-
associated factors, determines gene positioning. Further evi-
dence for this notion is that even non-replication-related factors920 Cell 162, 911–923, August 13, 2015 ª2015 Elsevier Inc.required progression of cells through S phase to mediate their
repositioning effects, strongly suggesting that replication and
timely passage through S phase is a major determinant of
genome positioning. Considering that several of the replica-
tion-associated repositioning factors are involved in chromatin
assembly, it is tempting to speculate that post-replication chro-
matin assembly, during which proper chromatin states are re-es-
tablished and epigenetic modifications are transmitted to the
daughter strands, is a critical contributor to establishing and
maintaining gene position.
Amajor question is how spatial genome organization and gene
positions are maintained in cells as they pass through mitosis.
Hi-C analysis has recently demonstrated that the internal domain
structure of chromosomes is lost during mitosis and re-estab-
lished in early to mid G1 (Naumova et al., 2013). Previous anal-
ysis of entire chromosomes or large genome regions suggested
that overall patterns of organization are partially maintained
during cell division (Cvackova´ et al., 2009; Gerlich et al., 2003;
Walter et al., 2003). Furthermore, tethering experiments have
indicated a requirement for progression through mitosis for
proper positioning of artificial chromatin arrays linked to the nu-
clear periphery via nuclear envelope proteins (Finlan et al., 2008;
Kumaran and Spector, 2008; Reddy et al., 2008). In our analysis
of endogenous gene loci, we find that gene positions are largely
determined before cells reach mitosis. Single-cell analysis to
track the location of individual genes through the cell cycle will
be required to study positioning of genome regions in individual
living cells.
Future Applications of HIPMap
Here, we applied HIPMap to generate a list of factors with a
potential role in determining radial gene positioning in the hu-
man cell nucleus. The identification of candidate genome posi-
tioning factors now opens the door to the investigation of the
precise mechanisms of each factor. In addition to screening
approaches as described here, HIPMap will also be useful in
numerous other applications. HIPMap is equally well suited to
measure distances between gene loci or cellular landmarks,
such as nuclear bodies, allowing interrogation of higher-order
chromatin organization and its relationship to nuclear features.
Of particular relevance will be the use of HIPMap in determining
the frequencies of Hi-C interactions to uncover how Hi-C signal
strength relates to interactions in individual cells. This will
enable the determination of variability among interactions in in-
dividual cells in a population and the analysis of combinatorial
occurrence of multiple mapped interactions in a single cell nu-
cleus (Williamson et al., 2014). Furthermore, HIPMap in combi-
nation with immunofluorescence staining will allow detection of
FISH signals in a defined sub-population of cells identified by a
particular marker—for example, to mark cancer stem cells or a
particular differentiation stage, thus allowing analysis of sub-
population-specific localization patterns. A combined approach
of HIPMap and immunofluorescence may also be used for
interrogation of correlations between expression level of a pro-
tein and locus positioning. Additionally, DNA FISH may be
combined with RNA FISH in HIPMap to assess the effect of
positioning on endogenous gene expression at the single-allele
level. We suggest that HIPMap and related methods will be
useful tools to study the molecular basis of various aspects of
genome architecture.
EXPERIMENTAL PROCEDURES
High-Throughput FISH in 384-Well Plates
For high-throughput FISH, cells were plated in 384-well CellCarrier plates (Per-
kin-Elmer) at a concentration of 80 cells/ml (2,000 cells/well). Cells were
plated automatically using a Multidrop Combi (Thermo Scientific) or manually.
Cells were fixed in 4% PFA in PBS for 15 min, permeabilized in 0.5% Saponin
(Sigma Aldrich)/0.5%Triton X-100/PBS for 20min at RT and incubated in 0.1 N
HCl for 15 min at RT. Cells were kept in 50% formamide/23 SSC for at least
30 min at RT. A probe mix containing 60 ng of each fluorescently labeled
probe, 1 mg human COT1 DNA (Invitrogen), and 20 mg yeast tRNA (Ambion)
was ethanol precipitated and re-suspended in 10 ml of hybridization buffer
(10% dextran sulfate, 50% formamide, 23 SSC, 1% Tween 20). Probe mix
was then manually added to each well, denatured together with cells at
85C for 7 min and left to hybridize at 37C overnight. Excess probe was
washed three times with each: 13 SSC and 0.13 SSC at 42C for 5 min using
an automated EL406 plate washer (Biotek). Cells were finally stained with DAPI
in PBS (5 ng/ml) before imaging.
Image Acquisition and Analysis
Cells were imaged in 384-well plates (Perkin Elmer Cell Carrier) on the Opera
QEHS (PerkinElmer) confocal high-throughput imaging system using a 403
water objective lens (NA 0.9) and 12-bit 1.3 Mb CCD cameras and with cam-
era pixel binning of 2. Image stacks of 6 images at steps of 1.2 mm were ac-
quired. Under these imaging conditions, the pixel size was 320 nm. At
least 63 randomly sampled fields were imaged per well containing a total
of >250 cells. All image analysis steps were performed using Acapella 2.0
(PerkinElemer). First, images from the same field of view and channel
were maximally projected. Then, nuclei were segmented using the DAPI
channel. Nucleus border was increased by one pixel to allow proper identi-
fication of very peripheral FISH signals (Figure S1A). The resulting Nucleus
ROI was used as the search region for the FISH spot detection algorithm
in the Alexa488, Alexa 568, and Cy5 channels, respectively. The nucleus
ROI was then subdivided in 1-pixel-wide equidistant, concentric regions.
The normalized radial distance of each Nucleus ROI pixel was then
measured by dividing each absolute radial distance value by the per-cell
maximum radial distance value. The nucleus border assumes a normalized
value of 0, whereas the nucleus center has a normalized value of 1. The
normalized absolute radial position of the FISH signal was calculated at
the spot center pixel. All acquired single-spot level data were exported as
text files and further analyzed by using either MATLAB (R2014b, TheMath-
works) or R (http://www.R-project.org/).
Statistical Analysis
For the primary screen analysis, empirical cumulative distribution functions
(ECDF) for the normalized radial distance of each FISH spot from the border
were generated as described for each well in a 384-well plate (Meaburn
et al., 2009; Meaburn and Misteli, 2008). Data from all FISH spots from nega-
tive control wells (6 wells/plate for primary screen, 12 wells/plate in validation
screen) were combined to generate a single ECDF that was used in pairwise
comparisons to each assaywell in a plate using the two-sample KS test (Mitch-
ison, 2005; Perlman et al., 2004; Smellie et al., 2006). For validation screen
results, at least two out of three replicates had a significant p value. For the
analysis of the validation screen results, the distribution histograms, estimated
density curves, and boxplots were generated using R and the ggplot2 graphics
package. Gene ontology analysis was performed using DAVID functional
annotation tools.
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